Abstract Myristicin in a psychoactive, hallucinogenic substance and as a constituent of nutmeg and mace (Myristica fragrans nut and its aril, respectively) is widely available for people seeking so-called legal highs of natural origin. In this work, we present three methods for determination of myristicin from plant material. The methods consist of optimized extraction procedures: microwave-assisted extraction, ultrasound-assisted extraction utilizing ultrasound bath or sonotrode and gas chromatography-mass spectrometry (GC-MS) analysis method. The methods were validated: repeatability and intermediate were below 10 % and recovery ranged from 97 to 109 %. The developed methods were then used for determination of myristicin in commercially available nutmeg and mace samples. The concentration ranged from 0.58 to 12.94 μg mg −1
Introduction
Myristicin is the main psychoactive substance in Myristica fragrans and one of the main constituents of its essential oil. Myristicin content in plant organs varies, depending on both growing and storage condition, and it can amount up to 13 mg per 1 g in the high-quality M. fragrans nut (nutmeg); it is also abundant in aril of the nut (mace) (Hallström and Thuvander 1997) and its pericarp (Choo et al. 1999) . Psychoactive effects usually develop after administration of at least 10 g of grounded nutmeg and include amphetamine-like effects and hallucinations (Ehrenpreis et al. 2014) . For this reason, nutmeg is often abused as so-called legal high by young people looking for economic and easily available alternative to illicit drugs. The abuse of nutmeg may lead to poisonings, as even fatal ones have been reported (Sjöholm et al. 1998; Stein et al. 2001; Carstairs and Cantrell 2011; Ehrenpreis et al. 2014) . Therefore, there is a need for an effective method of identification and possibly determination of myristicin, particularly in small sample amounts, which can be left after administration of nutmeg or mace.
The most common method for determination of myristicin in plant material bases on analysis of essential oil obtained by the hydrodistillation (Choo et al. 1999; Kiralan et al. 2012; Pavlović et al. 2012) or the supercritical fluid extraction (SFE) (Machmudah et al. 2006; Piras et al. 2012) . Solid-liquid extraction techniques, such as maceration and reflux extraction, as well as ultrasonic-assisted extraction (UAE), i.e. in the ultrasonic bath, were also reported (Choo et al. 1999; Dhalwal et al. 2007; Dawidowicz and Dybowski 2012) . A clear Electronic supplementary material The online version of this article (doi:10.1007/s12161-015-0300-x) contains supplementary material, which is available to authorized users.
advantage of hydrodistillation and SFE is lack of organic extraction solvents; however, both techniques require considerable large amount of sample and they are rather time-consuming. On the other hand, the solid-liquid extraction can be adjusted to enable the analysis of small sample amounts, and the time of extraction can be significantly shortened, especially if advanced sample preparation techniques are used. In this work, we present three fast and effective sample preparation methods for determination of myristicin in nutmeg and mace samples, utilizing the UAE techniques: an ultrasonic bath (UAE-B) and an ultrasonic probe or sonotrode (UAE-S), as well as the microwave-assisted extraction (MAE).
The UAE-B technique is a well-known and widely used technique, as it requires only simple equipment, available in most analytical laboratories. UAE-S, however, demands a specialized instrument, in which ultrasound waves are generated by a probe, immersed directly in the extraction mixture. This technique enables rapid extraction with high power ultrasound waves, yet it has a disadvantage of allowing only one sample extraction at the time, and it is performed in open vessels. UAE-S has been successfully applied for extraction of small organic compounds from plant material (Torre et al. 2001; Wu et al. 2001; Adam et al. 2009; Sanz-Landaluze et al. 2010; Jerman Klen and Mozetič Vodopivec 2012) , but to the authors' best knowledge, it has not been used for extraction of myristicin before.
The second developed technique, MAE, utilizes the energy of electromagnetic waves to enhance the extraction process. Most of MAE apparatus enable multiple extraction in a single run performed even in temperature over a boiling point of extraction solvent, as it is performed in airtight vessels. This technique is becoming more and more popular in the field of sample preparation (Chan et al. 2011 ), yet there is no published report on using it for samples of M. fragrans.
The aim of this work was to develop, optimize and validate novel, fast and simple sample preparation methods, followed by the gas chromatography-mass spectrometry (GC-MS) method, to provide rapid and plausible method for determination of myristicin in as little as a couple milligrams of nutmeg or mace samples, as well as establish the possibility of trace analysis of nutmeg powder, which may be applied in forensics and toxicology.
Materials and Methods
Materials n-Hexane (MS purity grade), methanol (MS purity grade), myristicin, γ-octalactone (internal standard, IS), alkane standard solution C 8 -C 20 and magnesium sulphate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water (18.2 MΩ·cm, 3 ppb TOC) was generated in our laboratory in a Milli-Q system by Merck-Millipore (Darmstadt, Germany).
Samples of nutmeg and mace were purchased from local and online shops, so that there was at least one sample representing each of six widely known producers. There were six samples of grounded nutmeg (GN1-GN6) collected, together with a sample of whole nutmeg (WN6) and sample of mace (NM6) from the same producer as GN6. All samples were kept in original packaging, tightly closed.
Preparation of Stock and Standard Solutions
Stock solution myristicin (10 mg mL ), used in every experiment, were all prepared in n-hexane. All stock solutions were stored in amber glass vials at +4°C, whereas standard solutions were kept in room temperature and have been analysed in less than 24 h since preparation.
Instruments
An XA 220/X analytical balance equipped with a DJ-02 antistatic ionizer (Radwag, Poland) was used in order to minimize the electrostatic force influence on powdered plant tissue samples and in this way to minimize the weighing error. MAE was carried out in a CEM 5 microwave-assisted sample preparation system (CEM, Matthews, NC, USA) equipped with Xpress® PFA extraction vessels (75 mL capacity). UAE-B was carried out in Sonic 3 ultrasonic Bath of 310 W (Polsonic, Poland), and UAE-S was performed using the Vibra Cell VC-50 device of 50 W equipped with a sonotrode (Sonic & Materials Inc., CT, USA).
The GC-MS system consisting of a 6850 Series II gas chromatograph and a 5975C MSD mass spectrometer (Agilent Technologies, USA) was employed. A HP-5 ms ultra inert capillary column (30 m, 0.25 mm i.d., 0.25 μm film thickness) by Agilent Technologies was used. The oven temperature was set to initial temperature of 70°C, held for 1 min, then increased to 300°C (25°C min ) and held for 3 min with the total analysis time of 13.2 min. Helium was used as a carrier gas with a flow rate of 1.0 mL min
. Injection of 1 μL was performed at 290°C with 1:4 split for qualitative analysis and, respectively, in splitless mode for trace analysis. The MS transfer line temperature was set up to 290°C, while the ion source temperature was 230°C. The electron impact ionization energy of 70 eV was used throughout. The mass range for the MS detector in scan mode was from 45 to 400m/z. For the SIM mode, monitored ions included 192m/z for myristicin and 85m/z for IS. Qualitative analysis was completed in the SIM mode while analytes identification was performed in the scan mode. For mass spectra identification, NIST 11 (The NIST Mass Spectra Search Program, version 2.0 g, 2011) database was used.
Sample Preparation
Sample Pre-treatment For every type of tested extraction technique, 4 to 8 mg of sample was used, depending on concentration of myristicin assessed in preliminary experiments. Samples of whole nutmeg were grounded directly before weighing, and samples of grounded nutmeg and mace were analysed without any additional pre-treatment. For quantitative analysis, samples were prepared in triplicate.
For the trace analysis, several milligrams of GN3 and GN4 were placed on plastic foil, evenly distributed and then removed, so that only a trace amount of powder was left due to electrostatics. Then, 5-, 10-, 15-and 20-cm segments of foil were wiped in a single straight move with sterile cotton swabs pre-wetted in ultrapure water. The segments were 0.3-0.4 cm wide, which was determined by the shape of the swabs. Whole swabs were extracted using the optimized MAE procedure. The samples were prepared in duplicate.
Optimisation of Sample Preparation Method
During development of sample preparation method, the following factors were taken into consideration: type of extraction reagent-polar or nonpolar solvents; amount of sample and volume of solvent; choice of IS; and two extraction parameters, time and temperature. Due to the different characteristic of investigated extraction techniques, a common procedure of optimisation of extraction parameters could not be executed and every method had to be optimized independently. The criterion used for optimisation was the highest amount of myristicin after extraction, defined as peak area of the extracted ion chromatogram at m/z 192, for 1 mg of the sample.
The MAE procedure was evaluated in time range from 10 to 30 min, with 10-min step, and on two temperature levels: 50 and 70°C, at 800 W (default power for extraction procedures, as application of higher power, e.g. 1600 W as it is possible in case of MARS 5, disturbs controlling of temperature, especially when low solvent volumes are used). Temperatureconstant heating was chosen over power-constant one to avoid overheating, which could result in analyte degradation or depressurization of extraction vessels and uncontrolled evaporation of extraction solvent. Moreover, an important requirement for MAE is that the polar liquid should be present in the extraction system, due to the fact that only substances with non-zero dipole moment can absorb microwaves and then distribute energy thorough the extraction mixture.
UAE-S procedure was evaluated in time duration of 0.5, 1, 2, 3, 4 and 5. UAE-S procedure cannot be held in thermostatic conditions, as the sonotrode produces excessive heat while operating. For this reason, extraction was always started from the room temperature and then the temperature of extraction mixture was verified directly after the extraction process. The UAE-S apparatus can operate at 25 and 50 W; however, preliminary experiments indicated that 25 W is ineffective.
In case of UAE-B, the authors aimed to reproduce conditions described in literature (Dawidowicz and Dybowski 2012) . As eventually different solvent was used, temperature of extraction was optimized. The power of ultrasound bath (310 W) is fixed by a manufacturer.
Method Validation
The linearity, limit of detection (LOD) and limit of quantification (LOQ) were common for all tested extraction methods, while recovery and precision were evaluated separately. The linearity was tested by analysing a set of standard solutions, and LOD and LOQ were calculated as three and ten times the standard deviation of the response for the lowest concentration standard solution to the slope of the calibration curve.
As there is no myristicin-free nutmeg, it is impossible to obtain blank samples. Thus for the precision study, nutmeg samples were tested on three concentration levels: low (4.7 μg mg ), by analysing three kinds of nutmeg samples: one of the lowest, one of the highest myristicin concentration and finally one from the middle of the range of myristicin concentration. While testing of recovery, a chosen testing nutmeg sample, containing 2.8 μg mg −1 myristicin, was spiked with an equivalent of about 25, 50 and 75 % of myristicin amount and then it was analysed in three replicates. The intra-and interday precision were evaluated as repeatability and intermediate precision, respectively, and they were calculated by one-way ANOVA from results obtained in 3 days, with five replicates a day. The threshold limit for precision and recovery study was set to 10 %, while the linearity demanded R 2 >0.995.
Results and Discussion

Optimized Extraction Procedures
Extraction Solvent
According to the mentioned literature, it may be stated that the most commonly used extraction solvent for myristicin isolation is methanol. In this work, n-hexane was also tested, as it was assumed that the use of nonpolar solvent should provide better extraction efficiency and higher selectivity. Indeed, comparison application of these solvents revealed that n-hexane is a better choice when aiming for more selective extraction of allylbenzenes (Table 1) .
Sample and Solvent Amount, Choice of IS
The developed methods should be able to operate with low sample amounts, but in such case, the weighting of the sample introduce a significant error. It was assumed that the lowest acceptable uncertainty of sample weighting is 5 % and for XA 220/X analytical balance, such accuracy is achieved for about 3.7 mg of sample. For this reason, the chosen sample amount used in the procedure was 4.0±0.1 mg.
As it was verified in the preliminary experiments, at least 7 mL of solvent is needed for even heating during the MAE procedure. Therefore, 5 mL of n-hexane with IS and 2 mL of ultrapure water were used to form a two-phase extraction mixture. It was experimentally checked that the quantity of myristicin extracted to water phase was negligible. For ultrasound-assisted extraction procedures, only 5 mL of nhexane with IS were found to be sufficient. Such approach limits organic solvent consumption and disposal production; thus, it favours green chemistry principals.
Concentration of myristicin in the extracts fitted well in the calibration curve for most of the analysed nutmegs. For two nutmegs with the lowest myristicin content, 8.0±0.1 mg of sample was needed in order to assure that the myristicin concentration in extract will not fall below linearity range.
As unfortunately no deutered standard of myristicin was available in economically reasonable scale, non-deutered substance had to be considered. The choice of IS was restricted by the properties of MAE extraction mixture. A group of natural volatile aroma substances, absent in M. fragrans products, characterized by high logP values, was tested, including phenylethyl acetate, benzyl isobutyrate, methyl cinnamate and γ-octalactone. But only γ-octalactone concentration in n-hexane was not changed after MAE with water addition, and later, it was also found to be stable in all optimized extraction conditions.
Method Optimization
For MAE, the best results were obtained for 20 min extraction in 70°C. Longer extraction process resulted in loss of analyte, probably due to its decomposition (see Fig. 1 ). Higher temperature of the process resulted in substantially higher extraction efficiency. In case of 5-min-long extraction, significant concentration error may be caused by uneven heat distribution a Linear retention indices (LRI) determined experimentally for HP-5 ms GC column, using n-alkanes mixture b Expressed as percentage of abundance of myristicin peak after extraction in n-hexane Fig. 1 Relative concentration of myristicin during extraction method optimization for MAE, UAE-S and UAE-B (n=5). The optimal conditions were highlighted in such short time. For UAE-S, the maximum concentration of myristicin was obtained after only 1 min of extraction. The average temperature of extraction mixture did not exceed 40°C in any case, and therefore, boiling of n-hexane was not observed; however, higher concentration error was observed for longer extraction times, possibly due to local overheating of the solvent, caused by cavitation. Lastly, the highest myristicin concentration was obtained after UAE-B in 60°C.
Higher temperature could not be tested, as the extraction vessels were not designed to operate at elevated pressure caused by boiling n-hexane. The completeness of extraction was also evaluated. The samples extracted in optimal conditions were subjected to subsequent extraction process with fresh extracting solvent. No trace of myristicin was found in the secondary extracts, and it was stated that the developed extraction methods guarantee maximum extraction efficiency.
Extracts obtained after optimized extraction procedures could be injected into the GC-MS system directly, without diluting, and no purification was needed other than filtration through 0.22 μm PTFE syringe filter. One may find this as the superiority of the developed methods over other ones (Dawidowicz and Dybowski 2012) , especially in economical and operational dimensions, as any additional SPE cleaning up was not necessary.
Method Validation
Repeatability, intermediate precision and recovery are listed in Table 2 . Repeatability and intermediate precision fits the range of acceptance within 10 % limit. The recovery was good for each extraction method.
The linearity of the methods was between 0.50 and 100 μg mL −1 (corresponding to 0.625 and 125 μg mg −1 in relation to 4.0 mg sample, tested on seven calibration points).
Higher concentration was not tested as it could result in column overloading. The working range of calibration curve was from 0.50 to 20 μg mL −1 (from 0.625 to 125 μg mg ), respectively. It was assumed that such parameters are suitable for analysis of natural samples of nutmeg and mace in amount of 4 mg. The robustness of the method was tested in terms of a sample amount at 4, 8 and 20 mg, without changing the volume of extraction solution. It revealed that these masses are suitable for the myristicin determination in nutmeg; however, higher mass may require addition dilution of the extract before analysis.
Analysis of Myristicin in Commercially Available Spices
Results of determination of myristicin in commercially available samples are presented in Fig. 2 . Myristicin concentration ranged from 0.6 μg mg −1 (GN6, UAE-B) to 12.9 μg mg −1 (GN4, MAE). Concentrations of myristicin in mace sample determined by all three developed methods are consistent with each other, and there is no statistically significant difference between UAE-S and UAE-B, as evaluated using Student t test (α= 95 %). However, in case of whole nut and previously grounded nutmeg, the highest concentration is observed after MAE and the effect is statistically significant (α=95 %). Such relation is not observed in case of mace sample (NM6). It was theorized that the effect described above results from better extraction efficiency of MAE in case of samples rich in wood constituents, such as cellulose, lignin and others. The hypothesis was verified by analysis of SEM images of grounded nutmeg particles after extraction (see Supplementary Material, section 1) . Indeed, investigation of SEM images revealed that MAE caused greater and deeper changes in nutmeg matrix structure than UAE techniques; therefore, it allows better penetration of the extracting solvent and thus more effective myristicin extraction. The effect is not visible for mace, as it consists mostly of natural gum, proteins and fats; hence, its structure is more elastic and disposed to breakdown during extraction.
The results of analysis have given interesting insight into quality of spices available on the market in comparison to preferences of people abusing nutmeg. It is a common sense result that GN contains less myristicin than WN of the same producer, as it is visible particularly for producer no. 6; however, additionally it can be concluded that producer no. 6 sells spices of generally lower quality than producers no. 1-4. Myristicin concentration found in GN4 is close to maximum reported concentration (Hallström and Thuvander 1997) , and on this basis, it can be stated that GN4 is a high-quality spice. Moreover, it was noticed that the results somehow correspond with relations of people abusing nutmeg, published on the Internet (see Supplementary material, section 2), as nutmeg from producers 4, 3 and sometimes 2 are recommended for giving the best psychoactive effects. As psychoactivity of a nutmeg comes from the myristicin content, those relations are in good agreement with the presented results.
Analysis of Trace Amounts of Nutmeg Powder
For both GN3 and GN4, identification of full MS spectrum, after background subtraction, was possible for: myristicin and methyleugenol-in samples taken from 5 cm segment; elemicin and methoxyeguenol-in samples taken from 10 cm segment; and eugenol-in samples taken from 15 cm segment (Fig. 3) . Myristic acid and its methyl ester were not found. The intensity of the most abundant ion (molecular ion, M + , in case of every analysed compound) and intensity ratio of three subsequent ions (qualifier ions, Q) Q/M + has been assessed. The Q/M + intensity ratio is stabilizing for longer segments and is consistent with data found in the mass spectra database (Fig. 3) . It was therefore proven that the developed method can be used for detecting residues of nutmeg from surfaces such as foil bags, by identifying characteristic violate substances in the extract.
Conclusions
In this study, three extraction methods utilizing MAE, UAE-S and UAE-B were developed and optimized for determination of myristicin in nutmeg and mace. The procedures are fast and simple and require low volume of organic solvent and only 4-8 mg of sample, and no additional extract treatment is needed. On the other hand, larger amount of sample can be used if needed, due to wide range of linearity of the GC-MS method, and the developed method can be scaled up to 20 mg of sample. The methods were validated with good results, proving to be suitable for analysis of spices, although UAE-S was characterized by lower precision than other methods. The analysis of natural samples shows that MAE technique is the best suited one for extraction of myristicin from nutmeg and probably other samples rich in cellulose and lignin. Analysis of myristicin concentration in commercially available nutmeg revealed that spices recommended by nutmeg abusers indeed contain the highest extent of myristicin. Moreover, the developed MAE/GC-MS technique was successfully used for identification of residues of grounded nutmeg. Fig. 3 Analysis of residues of GN4 sample swabbed from plastic foil surface. In columns: mass spectra of identified distinct compound, recorded for the smallest swabbed surface enabling the identification; M + ion abundance in analysed extracts; Q/M + ratio for three ions
